Abstract: A rational understanding of what occurs during electrocrystallization, defined at a nanolevel, is developed to control electrodeposition processes. The electrokinetic behavior of the elements in solutions and the electrodeposits structure resulting from the electron exchange reaction at the cathodic surface are taken into consideration and compared. Transient electrokinetic parameters are measured with the secondary current pulse (SCP) technique, where a square galvanostatic pulse of a few ms duration is superimposed on the cathode while electro deposition is running. Two parameters are obtained, the transient Tafel slope and the adsorption pseudo-capacitance; whilst a third parameter, the diffusive time constant, must be introduced if the overvoltage does not arrive to a steady state during the short pulse period. These parameters are related to the growth of different structures and permit a good control of the process. Control of the growth with nanodefinition is key to the development of innovative processes to keep pace with more and more demanding applications and environmental challenges. Examples are given to stress the relevance of the theoretical framework and to show possible implications for electrodeposition technology and its applications.
INTRODUCTION
Electrocrystallization can be rationally interpreted if we take into consideration and compare the electro kinetic behavior of the elements and the electrodeposits structure, resulting from the electron exchange reaction at the cathodic surface. The macroscopic quantities, statistically mediated, which can describe the electrochemical behavior, depend on the force fields acting at the atomic level, with quantum-mechanical rules; it is thus possible to find relations between the electrochemical parameters, in steady state and in transient conditions, and the structure morphology and crystallography.
The interpretation of electrodeposits crystal growth underlines some important characteristics that can be only briefly mentioned here. The foundation and early development of electrocrystallization studies had mainly a phenomenological character, as can be argued re-examining the work of Finch's school [1] [2] [3] [4] [5] [6] , which particularly emphasized the role of lateral or outward growth on the electrodeposits structure, and the fundamental contribution of Fischer. In his work [7] [8] [9] [10] [11] [12] , Fischer developed an articulated, interpretative frame relating deposits microstructure and the type and degree of surface inhibition, recognizing five main growth types for polycrystalline electrodeposits: field-oriented isolated; enthalpies [51, 52] . We refer to an ideal galvanic chain M/ε M || ε H /SHE of metallic and electrolytic conductors in series, homogeneous, with the only exception of the interphase regions of atomic dimension, with contact phases at equilibrium, chemical modifications arising only from the current circulation, and the electromagnetic field not influenced by distribution of true charges, where one part is the electrodic element and the other the reference standard hydrogen electrode (SHE).
The cell chemical reaction is
The electromotive force for the cell reaction is (2) where the cell enthalpy change is given by means of the three contribution to the Born-Haber cycle. The normal hydrogen electrode constant K SHE is determined from the enthalpy changes for H 2 discharge, Δh°a tH + = 2.2594 V, Δh°i onH + = 13.6626 V and Δh°h ydrH + = -11.3075 V, where the value determined by Halliwell and Nyburg [53] is attributed to the H + hydration enthalpy and the values reported by Dasent [54] , Latimer [55] , and Bard, Parsons, and Jordan [56] to the other enthalpy changes. Thus, we obtain: K SHE = 4.6142 V.
The cell enthalpy change, expressed in volts and with reference to SHE, becomes
From the given quantities [53] [54] [55] and from calculated values of the entropy change (from the isothermal temperature coefficients dE°/dT is [57] ), when known, or estimated values in the Latimer approximation [55] , we obtain the results in Table 1 , which show a very good approximation of the experimental E° values. The atomization enthalpy change is related to the melting temperature of the element; ionization and hydration enthalpy changes have high absolute values with opposite signs, increasing with the ion valence; their difference is of the same order of the atomization term. The electrochemical behavior of the elements in aqueous solutions, i.e., the kinetics of ionic exchange, depends primarily on the bonding state of the chemical species in the intervening phases, the crystal lattice and the aqueous solution. In other words, it can be related to the relative value of the different enthalpy changes involved in the process, as described above. The definition of a parameter expressing the degree of electrochemical inertia (or reversibility) can be attempted based on the relative weight of the different enthalpy terms involved in the process. The proposed procedure consists in 
weighting the value of the ionization enthalpy to the enthalpy change for the hydration of the gaseous atom and normalizing this ratio to the enthalpy change of the overall process. In fact, the ionization term refers specifically to the elementary step of charge transfer through the interface-the fundamental physical process in the electrochemical reaction-and reflects the role of the electronic structure as a dominant factor determining the electrochemical inertia of the elements, while the hydration enthalpy has a counteracting action in the energetics of the process, referring to the strength of the bonding in the electrolyte phase. Therefore, by the ratio of the enthalpy change for the ionization reaction Δh°i on to the enthalpy change for the hydration of the gaseous atom Δh°i on + Δh°h ydr and with respect to the whole enthalpy change Δh°a t + Δh°i on + Δh°h ydr , an electrochemical electronegativity R NI is defined for the element M, through the relation (4) Comparing R NI with the electrochemical electronegativity of hydrogen (as normal in aqueous solution) the normality-inertia parameter P NI results:
Figures 1A,B show a linear relation between the logarithm of i°M or i°H and P NI obtained from literature results. Table 1 reports the values of the different enthalpic contributions, the cell voltage, and the normality-inertia parameter P NI for typical inert (Fe, Co, Ni), intermediate (Cu, Pd) and normal metals (Pb, Zn) in simple solutions. With the parameter P NI , it is also possible to distinguish among the different electrokinetic behavior of similar metals. In this respect, the case of the anomalous codeposition is enlightening; Fe is discharged first in a solution containing Co or Ni; analogously, Co is discharged before Ni. This so-called anomalous behavior is readily justified by the value of the P NI parameter for these elements (see Table 1 ), pointing to the decisive role of ion-water interaction in determining the relative inertia in the ionic exchange process of the Fe group metals. Notably, the anomalous character of the deposition is reduced in the presence of complexing agent, e.g., the Ni/Fe mass ratio is drastically increased in deposit from electrolyte containing ethylenediamine [58] . In some cases, metals can have P NI greater than one (e.g., Pt), when H is discharged first and we must introduce complexants to discharge the metal ion, in order to passivate the surface with respect to H exchange.
EXPERIMENTAL DETAILS
All the electrochemical experiments were performed in prismatic pyrex cells with about 300 ml of solution. The plating solutions were prepared from analytical grade chemicals and distilled water.
The electrochemical measurements were performed in a three-electrode configuration utilizing a measuring cell with either an Ag/AgCl reference electrode RE in connection to the working electrode WE with a lateral-channel Piontelli probe (mean distance of the lateral slit from the surface 30 μm [59]) or-for transient measurements-a platinum mesh as pseudo-reference electrode. The later electrode was preliminarily checked in the electrolyte under study for reproducibility and stability, and found to be always reliable for measurements on the time span of the transients. All the electrodeposition experiments were performed on Cu cathodes coated with amorphous Ni-P (P 9 %) deposited from a chemical autocatalytic bath described elsewhere [60] .
The phase structure and the texture of the deposits were investigated by X-ray diffractometry with CuKα radiation and a powder goniometer. The operating conditions (accelerating voltage, electron beam current, and angular scanning rate) were chosen in order to achieve signal to noise ratios in excess of 5.5 over the peaks of interest [61] .
The surface morphology of the deposits was investigated by scanning electron microscopy (SEM), the dimension of surface features was estimated with image analysis software [62] .
MODELING: SECONDARY CURRENT PULSE TECHNIQUE
Electrokinetic parameters were obtained by us with the secondary current pulse (SCP) technique [64] [65] [66] , where a short square galvanostatic pulse of a few ms is superimposed on the cathode while electrodeposition is running. The increase of cd Δi = i P -i D (where i p and i D are the pulse and deposition, cd, respectively) is attributed to a capacitive i C and a faradaic i F term, i.e., i = i C + i F , according to the following expressions (6) where both components of the cd are assumed to depend exponentially on the overvoltage η, noting that the exponential dependence of the capacitive cd on overvoltage was underlined by Heusler in his work on cobalt electrocrystallization [63] . Nanostructured layers by electrodeposition 285 Fig. 1 Dependence on P NI on log i°M for electrodeposited metals (A) and log i°H for H 2 evolution on the same metals (B).
As shown by eqs. 6 and 7, two parameters are obtained from the transient overvoltage increase: the adsorption pseudo-capacitance C ads , determining the starting η(t) slope and the transient Tafel slope B T , determining the asymptotic η(t) value. The following expression ensues from the assumptions made:
In some cases, a pseudo-diffusion term must be added to η(t), related to the possible composition changes in the layer adjoining the surface [64] [65] [66] [67] (8) with the assumption that the pseudo-diffusion follows a Sand-type behavior with a transition time constant τ. The transition time constant is accordingly related to the concentration of the reacting species C S and its diffusion coefficient D through the relation: iτ 1/2 = zFC S (πD/4) 1/2 , from which the constant
These parameters can be related to the growth of the metal electrodeposited and are of particular importance for the control of nano electrodeposition, in particular for magnetic and wear-resistant layers [67] .
B T is related to the steady-state value reached after the charging transient, observed if no diffusion phenomena are present; otherwise, it can be inferred from the time behavior of the transient, which in that case depends upon two time constants, associated with the pseudo-capacitive faradaic process and the diffusion-like process.
The transient capacitive behavior of the electrode is related to the faradaic effect, depending on the nature and amount of electroactive species adsorbed at the electrode. C ads (η) = C ads ؒexp(η/B T ) describes the electrodic capacitive behavior related to faradaic phenomena. C ads is markedly affected by hydrolytic phenomena: the precipitation of hydroxides and basic salts in the bath corresponds to values of C ads up to 1 mF cm -2 , while C ads < 100 μF cm -2 if hydrolyzed species are stable only at the electrodic surface.
The observed values of the parameter τ were typically in the range of 10 ms and are obviously unrelated with the convective transport conditions established in our cells. Our experimental values of τ can be explained if we consider a progressive lowering of the surface concentration of the reactant, not because the Nernst layer is depleted when electrodeposition is fast and diffusion of metallic cations from the bulk is slow, but because the cathodically formed (in steady state) electroactive intermediates are consumed by electrodeposition reactions and diffusion from the inner Helmholtz layer into the Nernst diffusion layer and the bulk.
RESULTS

Copper electrokinetic behavior
The influence of complexants on the electrokinetic behavior and the normality-inertia parameter of metals can be well shown in the case of copper deposition from different solutions.
Complexants decrease the standard cell voltage and increase P Ni . The latter effect is readily explained considering that complexation basically involves a stabilization of the ionic state, i.e., the increase of the strength of ionic bonding in the electrolyte phase, contributing to the electrochemical inertia of discharging species in the cathodic reduction. The same effect appears on the anodic side with the difference that the inertia here is due to surface passivation engendered by strong ion-ligand interaction. 
⋅
When the complexation constant is very high, the P NI value becomes greater than one. In this case, different discharge reactions at the cathode, involving the complex species, must be considered, with electrons directly reacting with the complex ion. Table 2 reports the case of copper from simple solutions and from solutions with pyrophosphate and cyanide ligands. Results are presented in Fig. 2 . The preferred orientation is a very strong [00.1] PO, cobalt has a fibrous structure, with almost single-crystalline columns, separated from hydroxide or basic salt precipitation, as shown in Fig. 3b . This type of growth is interpreted as a cellular growth, because, at variance with the ordinary columnar growth obtained either in vapor-deposited or in electrodeposited films, it is uniquely characterized by the strong texture and the attendant grain boundary structure, in other words, for being a grain boundary engineered material. It is obtained in conditions of strong inhibition at the surface, when hydrolyzed species are stable into the bulk of the bath and can precipitate as basic salts at the grain boundary. From SCP measurements, the following parameters are obtained: B T 50 mV dec -1 , C ads 120 μF cm -2 . The low value of B T (<RT/F) can be related to the occupation of the surface by the hydrolyzed species, from which cobalt can be discharged, correspondingly, the C ads is very high.
This type of growth can be regarded as intermediate between normal and dendritic growth. Figure 4 shows a cellular growth of cobalt on the substrate, with single cobalt columns, and a dendritic growth following, obtained, after interruption, by cobalt deposition at much higher current density.
The obtainment of cellular growth can be related to the development of a morphological instability during electrodeposition. Many authors, starting from the work of on the stability during the solidification of a dilute binary alloy, have developed a theoretical approach for the interpretation of powder formation during electrodeposition [72, 73] and of roughness evolution in electrochemical processes with possible formation of dendrites [74] . The fundamental equation to interpret the instability formation at a surface during electrodeposition is, according to Barkey et al. [75, 76] Reasonably, the strong surface inhibition can decrease the conductivity in the adsorbed layer to very low values such as k s = 0.01 Ω -1 cm -1 as well as induce a reduction in the surface tension, e.g., to 0.15 J m -2 , in this case, we obtain a value of which is much closer to the actual observed value.
Surface definition is crucial for further developments, such as dry lubrication, in this case a solid lubricant, that can be a soft metal or a fluorine polymer, can be deposited or adsorbed between the columns, assuring a great decrease of the friction coefficient and a strong increase of the wear resistance.
Ni-Co alloy electroforming
For many applications of electroformed parts, it is important to increase the mechanical properties of the deposited metals. Nickel electroforming is normally employed for these applications, to increase its hardness a possible simple solution is to add cobalt in the bath, thus depositing a Ni-Co alloy. We have studied this addition to a typical Ni sulfamate bath for electroforming, obtaining in special conditions deposits with very low internal stresses in the order of less than 0.1 MPa.
The electrokinetic SCP behavior of a bath that was operated for some years is presented here. The bath contained Ni(SO 3 NH 2 ) 2 2 M, H 3 BO 3 0.5 M, sodium dodecyl sulfate 1.7 × 10 -3 M. It was operating at 50 °C and pH 4. The deposited Ni showed a relatively strong (110) PO, and the deposit hardness was about 250 HV.
Adding to the bath Co(SO 3 NH 2 ) 2 8 × 10 -3 M, it was possible to obtain at 10 mA cm -2 a Ni-Co alloy deposit containing about Co 21 wt %, with a hardness of 470 ± 10 HV (200 mN load). The structure was very fine grained, as shown in Fig. 5 , the crystallographic structure showed a faint (110) PO, the crystal size, determined by the Williamson-Hall method, was in the range of 20 nm compared to about 50 nm for the pure nickel deposit, which in addition shows a much coarser grain structure. As shown by the SCP results, the discharge kinetics is only slightly affected, in connection with a seemingly activating effect of cobalt ions determined by the anomalous codeposition behavior, resulting in both slightly lower B T and C ads values. The main effect is on the pseudo-diffusive behavior during the transient, which reflects the changes in the dynamic interaction between the different species present at the surface and in the near surface region. The weaker interaction of the Co ions with water, compared with that of the Ni ions-as shown by the P NI parameter-translates into a relatively faster rate of formation of discharge intermediates by the direct interaction of Co aqua-ions and back-diffusing oxy-hydrates, resulting in a smaller polarization effect during the transient.
CONCLUSIONS
The structure of electrodeposited metals depends strongly on the electrodeposited metal and on the electrolytic solution, especially if a complex bath is adopted, as well as on the deposition operative conditions.
A strong relation exists between the electrokinetic parameters and the preferred orientation developed. The parameter of normality-inertia P NI is a parameter describing the electrokinetic behavior of the bath and permitting an electrokinetic classification of the electrodeposited metal.
With the SCP method it is possible to obtain three electrokinetic parameters: the adsorption pseudo-capacitance C ads (related to the adsorption of the discharging species at the surface), the transient Tafel slope B T (related to the asymptotic value of the transient activation overvoltage), and the time constant τ (related to the relaxation of the surface concentration of the discharging species). The SCP method being a transient technique with very limited influence on the deposit growth, these parameters describe the real electrokinetic behavior at the surface during electrodeposition.
We have reported about the electrokinetic behavior of copper baths and its relation to the structure of deposited copper showing the strong influence of the ligand controlling the growth.
The case of cobalt cellular electrodeposition was introduced to show the possibility of controlling the structure at the nanolevel through strong inhibition. In this case, lateral growth prevails, with respect to the more usual outgrowth or cluster growth. Cellular growth occurs in intermediate conditions between normal and dendritic growth. It was observed for cobalt, cobalt-platinum, copper, zinc, and gold. Immediate application regards dry lubrication and hard magnetic features.
The sulfamate electrolyte developed for Ni-Co electroforming gives nanocrystalline deposits with grain size about 20 nm and increased hardness, even at low cd. Alloying in electrodeposition is a straightforward route toward the production of nanocrystalline materials; particularly, as in the case here examined, in conditions of slightly faster activation kinetics coupled to enhanced nucleation.
